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We investigate models that suggest that the vacuum energy decays into cold dark matter (CDM) 
and into a homogeneous distribution of a thermalized cosmic microwave background (CMB), which 
is characteristic of an adiabatic vacuum energy decay into photons. We show that the density 
fluctuation spectrum obtained from the CMB and galaxy distribution data agreement put strong 
limits on the rate of decay of the vacuum energy. A vacuum energy decaying into CDM increases 
its total density p, diluting (dpjp)^. The observed temperature fluctuations of the CMB photons 
{dTjT)'^ are approximately proportional to CDM density fluctuations (5p/p)^. In both case, when 
evaluating (dpjpf' at the recombination era, its present measured value must be increased by a 
factor F. Since the [dpjp)^ derived from the CMB and galaxy distribution data agree to ~ 10%, 
the maximum value for F is Fmax — 1.1. Our results indicate that the rate of the decay of the 
vacuum energy into CDM and CMB photons are extremely small. 

PACS numbers: 98.80.-k, 95.35.+d, 98.70.Vc, 04.62.+V 


I. INTRODUCTION 

Recent observations has indicated that the universe 
is spatially flat and undergoing a late time acceleration. 
This acceleration has been attributed to a dark energy 
component with negative pressure which can induce re¬ 
pulsive gravity. The simplest and most obvious candidate 
for this dark energy is the cosmological constant A with 
the equation of state w = p/p = —1, where p is the pres¬ 
sure and p is the energy density. A decaying vacuum 
energy is very attractive since it may link the present 
vacuum energy that is accelerating the universe today 
with perhaps the large vacuum energy that created the 
inflation epoch in the past. 

We analyze how the observed cosmic microwave back¬ 
ground (CMB) and large galaxy survey data constraints 
the decaying vacuum energy models into cold dark mat¬ 
ter (CDM) varying with redshift from the recombination 
era (z ~ 1070) to the present (z ^ 0) Q. A vacuum 
energy decaying into CDM increases its total density, di¬ 
luting {Sp/pY- In order to evaluate (Sp/p)^ at the re¬ 
combination era, when it created the ST/T of the CMB, 
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its present measured value obtained from the galaxy dis¬ 
tribution data must then be increased by a factor F. 
The density fluctuations derived from the CMB data were 
compared with those derived from the 2dF Galaxy Red- 
shift Survey (2dFGRS) 0,0]. Since the {Sp/p^ derived 
from the CMB and galaxy distribution data agree to ~ 10 
per cent, the maximum value for F is F^ax = 1-1 (see 0 
for the final data set of the 2dFGRS). 

We made a similar analysis for the possibility of the 
decay of the vacuum energy into CMB photons 0. In 
this scenario, the temperature fluctuations at the recom¬ 
bination epoch {ST/T)rec were diluted by the photons 
created by the vacuum energy decay. Thus, the tem¬ 
perature fluctuations at present are smaller than those 
existing at the recombination era. This implies bigger 
density fluctuations 6p/p at the recombination era than 
those derived from the observed CMB data. 


II. VACUUM ENERGY DECAYING INTO GDM 

A vacuum energy decaying into CDM increases its total 
density, diluting (Sp/p)'^. Consequently, a larger density 
fluctuation spectrum (Sp/p)^ is predicted at the recom- 
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bination era (zrec = 1070) by the factor 
Vm {z) 


F = 


Pm (z) - Ap{z)_ 


where 


Pm(^) = Pc (1 + ^) ^ 


3 oO 


M 


( 1 ) 


( 2 ) 


is the matter density for a constant vacuum energy den¬ 
sity, /9° = 3 77g/(8 7rG) ~ 1.88/ig x 10“^® is the 

critical density, and is the normalized matter density, 

= P%/Pc 

The difference between the matter density pM and the 
matter density predicted by the model in which the vac¬ 
uum energy decays into matter, pMv, is 


^P{z) = Pm{z) - PMv{z) . 


( 3 ) 


The density pMviz) is normalized at redshift z = 0 
[pmv{z = 0) = p^ m] ■ la order to describe the transfer of 
the vacuum energy pA into matter pMv Q, we use the 
conservation of energy equation, 


Pa + Pmv F “iH {pmv + Pmv ) — 0, 


( 4 ) 


where Pmv is the pressure due to pMv- For CDM, we 
have Pmv = 0. 

There exists an extensive list of phenomenological A- 
decay laws. Several models in the literature are described 
by a power law dependence 


PA{z) = pi{i+zr, 

where p® = pa(,z = 0), which we investigate here. 
The solution for the matter density has the form 


( 5 ) 


If, as discussed in section I, the density power spec¬ 
trum from observations can be increased by no more than 
approximately 10% due to the decay of the vacuum en¬ 
ergy, we then have a maximum value for the F factor 
Fhiax = l-l- This maximum value gives rimax = 0.06. 

We also considered a recent model suggested by the 
renormalization group equation of the effectiv^quantum 
field theory which has a A-decay dependence 


Pa{z]v) = p\ + pI f{z,v), 
where pa{z = Q) = p\, k = 0, and 


f(z) = 


l-v 1 


(1 + ^) 


3(1-1/) 


- 1 


( 9 ) 


( 10 ) 


The dimensionless parameter v comes from the renormal¬ 
ization group 


a 


12 TT Ml" 


( 11 ) 


where ctM® is the sum of all existing particles (fermions 
with cr = — 1 and bosons with a = -fl). The range of v 
is e (0,1) 1^. 

Using Eqs. 0 and cnj, the matter density as a func¬ 
tion of z and i/, in the matter era, is 


PMv{z\v) = (1 -f Z)^(^- 


( 12 ) 


Using Eqs. and 0 in Eq. ®, we find from Eq. o, 
the factor F modifying the density power spectrum: 


U — (1 -t- Zrec) 


61 ^ 


(13) 


Using Umax — 1-1 we place an upper limit on the v 
parameter: z^niax — 2.3 x 10“®. 


PMv{z) = A{1 + zf F B pa{z) , 


( 6 ) 


where A and B are unknown constants. Using Eqs. © 
and 0 in Eq. 0, the dependence of pmv as a function 
of n is 

PMv{z) = Pmi;(1 + [ (1 -b Z)® — (1 -I-z)"] . 

( 7 ) 

Using Eqs. 0 and o in Eq. ©> we find from Eq. o that 
( Pa 


1 - 


3-iiy \pmc 


[l-(l + z)"-3] 


( 8 ) 


III. VACUUM ENERGY DECAYING INTO 
CMB PHOTONS 

According to the standard model, the temperature 
fluctuations observed today are given by the expression 


(14) 


where JC is approximately constant and the temperature 
dependence of T{z) is 

T(z) = To(l + z) , 


(-) 

= /c 

\tJ 

z^O p 


F = 


(15) 
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where Tq ~ 2.75 K is the present CMB temperature 
The present value of {6p/p)‘^ is gotten from the relation 

Sp 
P 


z~0 


= V (Zrec Z = 0) 


(16) 


where V {zrec —> z = 0) is the growth factor from the 
recombination era until the present time. 

When we assume that the decay is adiabatic, the vac¬ 
uum energy decays into a homogeneous distribution of 
thermalized black body CMB photons and the standard 
linear temperature dependence becomes modified [ll| . 
The decay can be described by a generic temperature 
dependence, 


Tiz) = Toil + zy-^ , 


(17) 


of the CMB photons. In principle, the possible range of 
/3 is /3 e [0,1] Q. 

There are two effects due to the vacuum energy decay¬ 
ing into CMB photons: 

1) Since the temperature fluctuations at the recombi¬ 
nation epoch {ST/T)rec should be diluted by the 
photons created, the temperature fluctuations at 
present become smaller than those existing at the 
recombination era. 

2) The value of the recombination redshift Zrec is 
higher than that of the standard model Zrec since 
the universe is cooler at any given redshift. 

Due to the dilution of STfT, instead of Kn. ljl 411 of the 
standard model, we must use the relation 


(18) 


(-) 


\T J 

•^rec P 


where Fi is defined by 

Fiiz) ^ 


Tiz) 


(19) 


[T{z)-AT{z)\ 

AT{z) is the difference between the recombination tem¬ 
perature T(zrec) predicted by the standard model and 
that of the model in which the vacuum energy decays 
into photons at temperature T(zrec): 


AT{Zrec) = T (Zrec) “ T(Zrec) ■ 
Using Eqs. (tn . ra . and CT . we obtain 
Fi = (1 + z,ecf . 


( 20 ) 


( 21 ) 


From Eqs. CZJ and (EOl, T{z) was lower than T (z) by 
AT at Zrec- Thus, the resultant recombination redshift 
Zrec was higher than that of the standard model Zrec- 
Instead of Ea. lfTTl . {Sp/p) at z ~ 0 is now given by 


= V (Zrec ^ z = 0) — 
z~0 P 


( 22 ) 


where T) (zrec ^ z = 0) is the density fluctuation growth 
factor from the recombination era at Zrec until the present 
epoch. Therefore, instead of Eq. dnj, we have 


(23) 



= IC 

\T J 

2;~0 p 


Using Eqs. fTC|) and m, we have 
'Sp 


= ^F{z 
2:~0 AL- 


and from Eqs. (PI and (P| . 




2~0 /C 


z = 0) 


Y' 


(24) 


(25) 


Equations lIM and PI give the correction factor F 2 
due to the change in the value of the recombination red¬ 
shift, 


F. = 


T>{Zr, 


z = 0) 


(26) 


T>(Zrec ^ Z = 0) ■ 

The growth of a perturbation in a matter-dominated 
Einstein-de Sitter universe is Sp/p oc a = (1-1-z)“^, where 
a is the cosmic scale factor [l^. Thus, the growth factor 
V is 


V~{l + z). 

We then find from Eq. (PI 

1 T Z^rec 


F. ~ 


(27) 


. 1 + Zrec ^ 

The temperature at Zrec in the standard model is 

T (Zrec) = To (1 + Zrec) • (28) 

In order for the temperature at the recombination epoch 
Zrec, when the vacuum energy is decaying into CMB pho¬ 
tons, to be T(zrec), we must have, from Ea. dTTIl . 


Zrec = (1 + Zrec)^^^^ - 1 . 

From Eq. we then have 

~ (I + ZrecfFl-P) . 


(29) 


(30) 
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The total factor F is composed of due to the di¬ 
lution of the CMB as a result of vacuum energy decay, 
and ^ 2 , due to the change in the redshift of the recom¬ 
bination epoch. Assuming that the effects described by 
Ff and F 2 are independent and that the total factor F 
is the product of F^ and F|, we have 

F = F^ F^ . (31) 


Thus, from Eqs. (1^ . CT and m, the condition for 
the maximum value of /3 G [0,1] is 


/dmax — Ck 


1-Wi- 


In (Fir 


2a2ln(l -I- Zrec) 


(32) 


where 


a = 1 + 


la (Fjnax) 

41n(l-|-Zrec) ' 


(33) 


As noted above, the maximum value of F from observa¬ 
tions is Fmax = 1.1. For Zrec — 1100, we find a very small 
maximum value of the /3 parameter, /3„iax — 3.4 x 10“^ . 


IV. CONCLUSIONS 

We showed that the CMB and large galaxy survey data 
agreement put strong limits on the rate of a possible de¬ 
cay of the vacuum energy into CDM and into CMB pho¬ 
tons. 

When the vacuum energy decays into CDM, 5p/p is 
diluted and the density fluctuation spectrum is amplified 
by a factor F at the recombination era. The {5p/p)^ 
derived from the CMB and galaxy distribution data agree 
to ~ 10%, the maximum value for F is then Fmax — l-l- 


We found that the decay of the vacuum energy into 
CDM as a scale factor power law pA oc (1 -I- x)", gives 
a maximum value for the exponent Umax — 0.06. For a 
parametrized vacuum decay into a CDM model with the 
form pk{z,v) = pa{z = 0)-bp° [v/{l-v)] [(1 -b - 

1] , where p^ is the present critical density, an upper limit 
on the V parameter was found to be v^ax — 2.3 x 10“^. 

We made a similar analysis for the possibility of the de¬ 
cay of the vacuum energy into CMB photons. When pho¬ 
ton creation due to the vacuum energy decay takes place, 
the standard linear temperature dependence, T{z) = 
To (1 + z), where Tq is the present CMB temperature, 
is modihed. We can place an upper limit on the (3 pa¬ 
rameter for the decay of the vacuum energy into CMB 
photons, parametrized by a change in the CMB temper¬ 
ature at a given redshift z: T{z) = To(l -b z)^“^ . We 
find that /3max = 3.4 x 10“^. 

Our results indicate that the rate of the decay of the 
vacuum energy into CDM and CMB photons are ex¬ 
tremely small. Since the results show that the vacuum 
energy can only decay to a negligible extent into cold 
dark matter or CMB photons, we conclude that if the 
vacuum energy is decaying, it is decaying, for example, 
into hot dark matter (e.g., high energy neutrinos) or ex¬ 
otic matter (e.g., scalar fields), which do not affect the 
{5p/ pY or the 5T/T CMB spectra. 
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